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(Received 21 December 2001; published 18 November 2002)237205-1Scanning tunneling spectroscopy (STS) of thin Fe films on W(110) shows that the electronic
structure of domains and domain walls is different. This experimental result is explained on the basis
of first-principles calculations. A detailed analysis reveals that the spin-orbit induced mixing between
minority dxyxz and minority dz2 spin states depends on the magnetization direction and changes the
local density of states in the vacuum detectable by STS. As a consequence nanometer-scale magnetic
structure information is obtained even by using nonmagnetic probe tips.
DOI: 10.1103/PhysRevLett.89.237205 PACS numbers: 75.90.+w, 07.79.Cz, 75.60.Chwall structure. In this Letter we show by scanning tun-
neling spectroscopy (STS) and first-principles calcula-
the sample at the lateral, rk, and vertical, z, position of the
tip at the energy eU, measured from EF. In case of aMagnetism in reduced dimensions is one of the most
active and innovative fields of solid-state physics. Re-
cently, the effect of spin-orbit coupling onto spin-
polarized electron wave functions has intensively been
investigated as it is the physical basis of magnetic linear
[1] and circular [2] x-ray dichroism which—in conjunc-
tion with relativistic ab initio calculations—yielded a
detailed understanding of the electronic structure of fer-
romagnets [3]. As an important milestone towards a
deeper understanding of magnetism on the nanometer
scale, the combination of magnetic circular dichroism
with photoemission electron microscopy allowed an
imaging of magnetic domain structures at submicrometer
resolution [4].
Several authors have analyzed the spin-orbit induced
changes in the band structure of thin ferromagnetic films
in order to identify the electronic origin of the magnetic
anisotropy energy [5,6], the energy difference between
the easy and hard axes of the magnetization. It was found
theoretically that the electronic structure of ferromag-
netic transition metals depends on the magnetization
direction. For example, 3d-band degeneracies can be
lifted by the spin-orbit coupling (SOC) which is magne-
tization direction dependent [7]. However, the depen-
dence of the electronic structure on the magnetization
direction has never been confirmed experimentally
by, e.g., angular resolved photoelectron spectroscopy
(ARPES), due to (i) the incompatibility of the experi-
mental setup with strong external magnetic fields which
are necessary to force the sample magnetization into the
hard directions, and (ii) the fact that ARPES can detect
only occupied states while significant spin-orbit induced
changes are also expected above the Fermi level (EF).
We have chosen a different approach: instead of chang-
ing the magnetization direction of the whole sample, we
make use of the sample’s virgin domain state and domain0031-9007=02=89(23)=237205(4)$20.00tions that the local surface electronic structure of a
20 nm stripe of an Fe double layer (DL) on W(110)—a
sample with a well-known nanometer-scale domain
structure [8,9]—depends on the local orientation of the
magnetization. Since the tunneling current of a scanning
tunneling microscope (STM), Ie^Mrk; rk; U, depends
on the electronic structure of the sample, we immediately
expect that I is not only a function of the bias voltage U
but also depends on the magnetization direction e^Mrk of
the sample. From a detailed analysis of the electronic
structure we deduce how the signature of the magnetiza-
tion direction is imprinted via the spin-orbit interaction.
Surprisingly, we find that the changes in the differential
conductivity are on the order of a few percent which is not
an obvious consequence of expected band splittings of the
order of a few meV. Our analysis reveals that SOC leads to
a magnetization direction dependent hybridization of
minority bands with different orbital character, thereby
changing the density of states above the sample surface.
The underlying physics of the spin-orbit dependent dif-
ferential conductivity can be considered as the static limit
of the magnetic dichroism or the tunneling analog of the
anisotropic magnetic resistance of ferromagnets. As an
important implication of this effect the magnetic nano-
structure of surfaces can be investigated with a conven-
tional nonmagnetic tip which has the very advantages that
(i) there is definitely no dipolar magnetic interaction
between tip and sample which can influence the original
magnetic state of the sample and (ii) the preparation of a
magnetic tip is omitted.
According to the model of STS by Tersoff and Hamann
[10] the differential conductivity
Grk; U  dIdU jrk; U / nrk; z;   EF  eU; (1)
is proportional to the local density of states (LDOS) n of 2002 The American Physical Society 237205-1
FIG. 1. (a) Topography and magnetic dI=dU signal of 1:75
0:1 ML Fe=W110 as measured with (b) a Gd coated (U 
0:7 V), (c) a Fe coated (U  0:7 V), and (d) an uncoated W
probe tip (U  0:05 V). (e) dI=dU spectra of domains and
domain walls.
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spinor which is diagonalized by a majority  "j "i and a
minority  #j #i spinor if the spin coordinate axis is paral-
lel to the magnetization axis e^M and the SOC is omitted.
Including SOC in first order perturbation theory, the
change in the wave function  kk of state jkki is propor-
tional to the expectation value hHSOih;kkjlsj0kk0i of
the spin-orbit Hamiltonian. The orbital part of the matrix
element (hlsi) depends on the magnetization direction and
can mix majority and minority states as well as orbitals
of the same spin channel, which had been orthogonal
without SOC and contribute quite differently to the tun-
neling current. For example, a slowly dispersing dz2 state
has a large tunneling cross section, while an in-plane xy
state has a small one. Thus we can divide the LDOS into a
term n0 independent of and a term ne^M dependent on
the magnetization direction: ne^M  n0  ne^M. For
a system with uniaxial out-of-plane anisotropy ne^M /
sin2, where  is the angle between the magnetization
direction and the surface normal.
The experiments on different 1:75 0:1 ML thick Fe
films on W(110) have been performed in an ultrahigh
vacuum system with separate chambers for substrate
preparation, sample transfer, metal vapor deposition, sur-
face analysis, and cryogenic STM [11]. The base pressure
in each chamber is in the low 1011 torr range. We used
etched polycrystallineW tips which were flashed in vacuo
at T > 2200 K. During the measurements, tip and sample
were at a temperature T  15 K.
Fe grows in the step-flow mode; i.e., the W substrate’s
step edges are decorated with Fe nanostripes of alternat-
ing monolayer and double layer thickness [8,9,12]
[Fig. 1(a)]. The spin-polarized STS images of Figs. 1(b)
and 1(c) reveal that the sample exhibits perpendicularly
magnetized stripe domains running along the 110 di-
rection with a lateral magnetic periodicity of  50 nm:
while the magnetic domain structure is imaged with the
out-of-plane sensitive Gd tip, the Fe coated tip is sensitive
to the in-plane magnetization [13] and opposite in-plane
magnetization directions (110 and  110) lead to oppo-
site contrasts. As can be recognized in Fig. 1(c), our
results show that the magnetization direction alternat-
ingly changes between both directions [9]. Surprisingly,
the domain walls are also visible in data which have been
measured with a nonmagnetic W tip [Fig. 1(d)]. However,
all domain walls exhibit the same contrast; i.e., at the
position of the domain wall the differential conductivity
dI=dU is reduced with respect to the domain. As revealed
by the local tunneling spectra [Fig. 1(e)], this contrast is
caused by a tiny difference which is energetically located
just above EF (see inset): while the dI=dU spectrum
measured with the tip positioned above the domain ex-
hibits a weak peak at U  0:07 V, this peak is almost
absent in the domain wall spectra. This is further illus-
trated by the plot of the normalized difference Ark; U 
Grk; U Grk; U=Grk; U Grk; U [rk (rk): po-
sition in a domain (domain wall)] in the lower panel of
237205-2Fig. 1(e). However, if the normalized difference is calcu-
lated on the original data (as measured), a pronounced
oscillation can be found just below EF, i.e., at small
negative sample bias. This oscillation is not caused by
any additional or missing spectroscopic features in the
domain wall dI=dU spectrum with respect to the spec-
trum measured at domains but by an overall energetic
shift E  11 meV. The physical origin is different work
functions in domains and domain walls as already pro-
posed in Refs. [14,15]. It can be corrected by shifting the
domain wall spectrum by E. After this procedure, the
oscillation below EF has almost perfectly disappeared.
To interpret the experiments we have performed first-
principles calculations based on the density functional
theory (DFT). Using our FLEUR code [16] which is an
implementation of the full-potential linearized aug-
mented plane wave method in the film geometry [17]
including SOC second variational procedure, we have
calculated the electronic structure of 2 ML Fe=W110237205-2
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consisted of five layers of W and two layers of Fe on each
side of the film. For the structural model we used the
experimental W lattice constant (a0  3:167 A) and re-
laxed the Fe layers by force calculations applying the
generalized gradient approximation [18]. Electronic
structure calculations including spin-orbit interactions
were carried out using the local density approximation
[19]. The structural optimization to determine the equi-
librium interlayer distances was carried out neglecting
the spin-orbit interaction. The 33 special kk points in the
irreducible wedge of the two-dimensional Brillouin zone
(I-2D-BZ) (1=4 of BZ) of the chemical unit cell were
used. The spin-orbit dependent contributions to the tun-
neling current are carried out with a much larger set of kk
points (see figure captions) in the magnetic I-2D-BZ (1=2
of BZ).
Figure 2 shows the vacuum LDOS, nE, for two differ-
ent magnetization directions of Fe: out-of-plane, repre-
senting the magnetization state (full line) in the domain,
and in-plane along the 110 direction (dashed line) as a
model of the magnetization in the domain wall. At first
glance, the results seem indistinguishable. We find two dz2
states at the Fe surface leading to pronounced peaks at
0:18 and 0:85 eV, characteristic for the Fe DL on W.
Since these states are located at the  point of the 2D-BZ,
they should be easily detected by STS [20]. In fact, they
can be identified with the peaks at 0:08 and 0:7 V in
the experimental spectra. A spin analysis reveals that
these are basically of minority character (neglecting the
small spin mixing due to the spin-orbit interaction). A
closer look (cf. inset in Fig. 2) reveals a significant
enhancement of the LDOS for the out-of-plane magne-
tized film within an energy interval of about 100 meV
above EF. The lower panel of Fig. 2 shows the normalizedFIG. 2. Calculated LDOS at about z  14 A above the sur-
face of 2 ML Fe=W110, measured from the center of the
atom. The lower panel displays the normalized difference.
For the calculation 3600 kk points have been used in a square
centered at  with an area covering 25% of the BZ (see Fig. 3).
237205-3difference. Both the peak in the normalized difference
and the enhancement of the LDOS right above EF are in
very nice accordance with the experimental results of
Fig. 1(e). The peak at 0:3 eV in the normalized differ-
ence may correspond to the peak at 0:24 eV in Fig. 1(e),
while the peak at 0.35 eV cannot be found in the experi-
mental data.
In reality, within the domain wall which is about 6 nm
wide [8], the magnetization rotates gradually from the
out-of-plane to the in-plane direction. Thus, we have
carried out further calculations for magnetizations tilted
with respect to the out-of-plane direction by   22:5,
45, and 67:5. While the reduction in the LDOS above
EF is absent for   22:5, it appears for   45 and
67:5 which explains—compared to the result obtained
with an Fe coated tip —the apparently reduced domain
wall width as measured with the W tip [cf. Figures 1(c)
and 1(d)]. We have further confirmed that the experimen-
tally observed effect is absent when the magnetization is
oriented in-plane along the 001 direction.
The kk-resolved contributions over the 2D-BZ of the
minority projected part of the LDOS at an energy ofEF 
50 meV are plotted in Fig. 3(a) for the out-of-plane
direction. All states have been smeared by a Gaussian of
50 meV. We identify a spot at the  point and two
stretched spots at the inner circle in the P direction as
the origin of the vacuum LDOS at this energy. In the
difference plot between the LDOS of out-of-plane and in-
plane magnetization presented in Fig. 3(b) we observe
that the states at the inner circle cause the changes.
In order to understand the nature of the changes of the
electronic structure upon rotation of the magnetization,
the band structure has been plotted in Fig. 4 along the line
P drawn in Fig. 3. In Fig. 4(a) the spin-orbit interaction
is turned off and majority and minority states diagonalizeFIG. 3 (color). kk-resolved contributions to the minority
LDOS for states with an energy of EF  50 meV displayed in
the 2D-BZ. A disk of radius P centered around the  point
with an area of 20% of the 2D-BZ has been chosen. States with
larger jkkj contribute only insignificantly to the vacuum
LDOS. (a) The LDOS for the out-of-plane direction, and
(b) the difference n between the LDOS n for out-of-plane
and in-plane magnetization directions. Yellow (red) corre-
sponds to positive (negative) values of n. A total of 6000
kk points have been used to sample the disk.
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FIG. 4 (color). Comparison of the band structure of the entire
Fe DL film along the line P (cf. Fig. 3) (a) without and (b) with
spin-orbit interaction. In (a) the full (chained) line represents
the minority (majority) bands. The view of (b) is shown as a red
box in (a). The vertical grey lines indicate the radius of the
inner circle of Fig. 3. A total of 400kk points along P have
been used to plot the band structure.
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three minority state bands cross at EF. One is rising while
two nearly degenerate ones are falling. Note that the
contribution of a state to the differential conductivity G
or the vacuum LDOS n, respectively, is weighted by its
inverse group velocity dE=dkk1, the relative position
with respect to the  point [ / expk2kz], and depends
on its orbital character. Therefore, the dz2 state at the 
point dominates the vacuum LDOS and causes, e.g., a
peak in the vacuum LDOS at 0:18 eV (see Fig. 2). On
the other hand, the states with the dxy and dxz orbital
character or the rapidly dispersing dz2 band for states off
the  point as shown in Fig. 4(a) contribute only by a
negligible amount. However, depending on the magneti-
zation direction, the SOC can mix the three crossing
bands. As shown in the center of the blue box in
Fig. 4(b) this happens actually for the out-of-plane mag-
netization, which leads to an hybridization gap between
one of the dxyxz and the dz2 states. The introduction of
this gap changes the group velocity of the dz2 state upon
changing the magnetization direction, which explains the
effect detected by STS.
In summary, we have observed by STS that the elec-
tronic structure of a thin Fe film on W(110) depends on
the magnetization direction. First-principles calculations
based on the DFT reveal that the observed difference is
caused by spin-orbit coupling which leads to a magneti-
zation direction dependent hybridization gap between the
minority dxyxz and dz2 spin states, causing a magnetiza-237205-4tion direction dependent contribution to the tunneling
current. The effect has been observed on 2 ML Fe=
W110 using many different tip materials. Since the
magnetization dependent term of the LDOS ne^M /
sin2, it is believed that the effect is even visible on
samples with rather broad domain walls. Furthermore,
our theoretical results indicate that similar effects can
also be found on Fe films on Mo(110), a system which
exhibits a much smaller SOC. Therefore, we expect that
the effect should be quite general and applicable to a large
variety of systems.
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